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Abstract Unlike the traditional traction power supply
system which enables the electrified railway traction sub-
station to be connected to power grid in a way of phase
rotation, a new generation traction power supply system
without phase splits is proposed in this paper. Three key
techniques used in this system have been discussed. First, a
combined co-phase traction power supply system is applied
at traction substations for compensating negative sequence
current and eliminating phase splits at exits of substations;
design method and procedure for this system are presented.
Second, a new bilateral traction power supply technology is
proposed to eliminate the phase split at section post and
reduce the influence of equalizing current on the power grid.
Meanwhile, power factor should be adjusted to ensure a
proper voltage level of the traction network. Third, a seg-
mental power supply technology of traction network is used
to divide the power supply arms into several segments, and
the synchronous measurement and control technology is
applied to diagnose faults and their locations quickly and
accurately. Thus, the fault impact can be limited to a min-
imum degree. In addition, the economy and reliability of the
new generation traction power supply system are analyzed.
Keywords New generation traction power supply
system  Combined co-phase power supply  Bilateral
power supply  Segmental power supply technology 
Synchronous measurement and control
1 Introduction
The development of the high-speed railway in China where
the mileages has been increased substantially in recent years
has shown the advantages of using industrial frequency (50/
60 Hz) single-phase AC traction power supply system [1].
However, the phase split in such a system becomes the
breakpoint of power supply to the train [2–4], which could
affect the power traction generation. It is also the point
where the mechanical failure could occur so that the system
reliability is degraded. In Germany and its neighboring
countries, the low-frequency single-phase AC power supply
system is adopted. Although the system can realize co-phase
traction power supply without phase splits, the high cost
limits its worldwide applications. It is concluded that in an
electrified railway traction power supply system, avoiding
phase splits while keeping investment costs down is one of
the most important factors to be considered.
One of the major developments on electric traction sys-
tems for industrial frequency single-phase AC electrified
railway is to replace the electrical locomotives of AC/DC
type with the electrical locomotives or MUs (multiple units)
of AC/DC/AC type. Moreover, increasing the operation
speed of a pantograph-catenary system from a few ten or a
hundred kilometers per hour to more than two hundreds or
three hundreds kilometers per hour marks another milestone
in the development of high-speed railways. Unlike the tra-
ditional traction power supply system in which traction sub-
stations are connected to a power grid through phase rotation,
a co-phase traction power supply system without phase splits
can represent a next generation traction power supply system.
In the new traction power supply system described in this
paper, three key techniques are developed, i.e., (1) A single-
phase traction transformer (TT) and a compensation device
with minimum capacity forms a combined co-phase traction
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power supply system in the substations, which can reduce the
negative sequence current and eliminate phase splits. (2) A
new bilateral power supply system is used to eliminate the
phase split at section post, where a reactor connected in series
with a feeder will reduce the influence of the equalizing cur-
rents on a power grid, and the power factor can be adjusted to
ensure proper voltage level of the traction power network. (3)
An approach of dividing a power supply arm into several
segments and then applying synchronous measurement and
control technique to ensure quick and accurate fault locating
and fault diagnosing is proposed. By doing so, the effects of
faults can be reduced to a great extent and thus the power
traction network reliability and availability are able to be
achieved.
2 Combined co-phase power supply technology
in traction substations
A co-phase power supply system is a system that provides
power for electrical locomotive and has the same voltage
phase across all power supply arms [5–7]. Using the co-
phase power supply technology in traction substations, the
phase split at the exit of a substation can be eliminated.
In general, TTs with connection type such as YNd11,
three-phase to two-phase balance transformer, Vv, Vx, or
single-phase connected transformer can be used in a co-
phase power supply system. They can be categorized as
phase voltage and line voltage for easy analysis [6]. Con-
sidering that the single-phase connected transformer (Vv or
Vx) has been widely used in the existing high-speed rail-
way and newly-built railway in China, and it has the easiest
wiring and the highest utilization rate of power supply
capacity, the co-phase power supply scheme is made up of
a single-phase connected transformer and a compensation
device. Such a scheme can subsequently eliminate phase
split, improve power quality by reducing negative sequence
current [8, 9] and ultimately achieve the best match
between the system and power supply capacity.
In a high-speed railway, if the power factor is equal to 1,
according to the formula 3.32 in Chapter 3.5 of [7] one can
assume that KN ¼ 1 and Kc ¼ 0. Then the required com-
pensation capacity will be minimum and be equal to the
traction load power if the transformer has three-phase to two-
phase balance connection and the negative sequence will be
fully compensated. There are two approaches. One is the
reactive power compensation approach, which can be pas-
sive such as SVC (Static Var Compensator) or active using
IGBT or IGCT such as SVG (Static Var Generator, or
STATCOM). Taking the Scott-connected transformer, for
example, as shown in Fig. 1, the number of winding turns
n1 = n2, which is similar to the Scott connection with dif-
ferent winding turns used in Japan [10]. Another is the active
compensation approach shown in Fig. 2a. In this approach,
the co-phase compensation device (CPD) works together
with the balanced connection TT. The CPD (also called
power flow controller, or PFC) is shown in Fig. 2b, which
consists of a AC–DC–AC converter (ADA) and a matching
transformer. When the power factor is equal to 1, half of the
active power of traction load power is provided by CPD, and
the negative sequence current is thus eliminated. An ADA
converter can be regarded as two back-to-back single-phase
SVGs and the total capacity will be equal to the traction load
power. In other words, the minimum reactive power capacity
will be equal to the minimum active power capacity so as to
achieve fully compensated negative sequence current.
2.1 Scheme of the combined co-phase power supply
It should be noted that firstly the reactive power compen-













Fig. 1 Optimal reactive compensation based on balance transformer
(a)
(b)













Fig. 2 Optimal power compensation based on active power com-
pensation. a Balance transformer with the co-phase compensation
device for active power compensation. b Phase compensation device
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discussed before will occupy extra capacity of the TT while
the active power compensation will not. On the contrary, the
active power compensation will share the TT load and thus
increase the system efficiency. Secondly, according to the
national standard, a certain amount of negative sequence
power is allowed in power system [11]. Thirdly, a balanced
transformer is most effective and economic in compensating
the negative sequence. Based on the above considerations,
two schemes of combined co-phase power supply are pro-
posed: One is the single-phase and three-phase combined
co-phase supply system comprising a single-phase TT and a
high-voltage three-phase matching transformer; another is
the single-phase and single-phase combined co-phase supply
system comprising a single-phase TT and a high-voltage
single-phase matching transformer.
The combined co-phase supply traction substation con-
sists of a TT and a CPD which includes a high-voltage
matching transformer (HMT), a ADA, a traction matching
transformer (TMT), and an inductor (L). The TT has the
single-phase connection. If the single-phase and three-
phase combined co-phase power supply scheme is con-
sidered, the HMT will have YNd11 connection and will
constitute a balanced connection together with the single-
phase TT. In this case, the phase difference between the
port of ADA and the port of TT is 90. If a single-phase
and single-phase combined co-phase power supply scheme
is considered, the single-phase HMT together with the TT
will constitute a balanced connection, forming the Scott
connection with different winding turns, and the phase
difference between ports is also 90. In the latter scheme,
the output port of the ADA will be connected to the pri-
mary side of the TMT and subsequently produce a voltage
of the same frequency and phase as those of the TTs.
Moreover, the output voltage at the secondary side of the
TT will have the same frequency and phase as those at the
secondary side of the TMT, and both sides are connected
with the traction bus in the substation.
Comparing Fig. 2 with Figs. 3 or 4, it can be found that
a TMT can be saved in the scheme of the combined co-
phase power supply; consequently the cost and space will
be reduced, and thus the system efficiency will be
increased. Furthermore, with the recent development of
modular multilevel converter (MMC) technology, an ADA
can be connected directly to the traction bus, which will
result in further eliminating the need for TMT.
2.2 Capacity calculation of the traction transformer
and the co-phase compensation device
Assume that the load power is s (MVA), the TT power is sT
(MVA) and the CPD power is sC (MVA), then
s ¼ sT þ sC: ð1Þ
With a balanced connection that is constituted by the
HMT and the single-phase TT, as shown in Figs. 3 and 4;
the negative sequence power s is given by
s ¼ sT  sC: ð2Þ
Equation (1) indicates that the CPD can share traction















Fig. 3 Connection diagram of the combined co-phase supply system













Fig. 4 Connection diagram of the combined co-phase supply system
with a single-phase compensation module
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Three-phase voltage unbalance ue can be described by
the negative sequence power s- and the power system
short-circuit capacity sd at the point of common coupling





That is, if the three-phase voltage unbalance limit ue (%)
and the system short-circuit capacity sd (MVA) are known,
then the negative sequence power allowable value se is
se ¼ uesd=100: ð4Þ
Considering Eq. (2), then
se ¼ s ¼ sT  sC: ð5Þ
























Equation (6) indicates that sC depends on s and se.
Equation (4) indicates that se is proportional to the short-
circuit capacity. If a traction load is given, then the more
powerful the power system is, the smaller the CPD capacity
sC will be. The vector diagram of negative sequence is
shown in Fig. 5.It is evident that the negative sequence
compensation capacity s is given by
sC ¼ s  s:
Combining Eq. (1) with Eq. (2) gives
sC ¼ 2sC: ð7Þ
It can be concluded that the ability of providing negative
sequence compensation in a co-phase power supply mode
is to have two times the power of the CPD.
2.3 Design method and procedure
Step 1: Obtain the traction substation load process data
sLðtÞ through a power supply calculation method and
then find the load power s from the national standard
[11] (95 % maximum probability value or maximum
value). Based on three-phase voltage unbalance ue (%)
according to the national standard and system short-
circuit capacity sd (MVA), the negative sequence power
allowable value can be calculated from Eq. (4)
Step 2: If se  s, then sC  0 from Eq. (6). It means that
there is no need to have the CPD. In this case, the three-
phase voltage unbalance will meet the national standard
and because of sC ¼ 0, the calculated capacity of the TT
sT ¼ s from Eq. (1); then go to Step 5. If se\s, then
sC [ 0, that is, the CPD is required
Step 3: sT and sC are calculated using Eq. (6)
Step 4: The installed capacity Sc is calculated based on the
overload ability of the CPD, which depends on the
overload ability of the ADA, and in general, its overload
ability is lesser, so SC ¼ sC can be assumed
Step 5: The TT’s installed capacity ST is calculated based
on its overload ability which in turn is calculated based
on the temperature process and life loss associated with
the load process [12]. For simplicity, the overload ability
can be represented by an overload factor kT which is the
ratio of ST corresponding to the national standard (95 %
maximum probability value or maximum value) to the
TT rated capacity. kT (C1) is generally given, so
ST ¼ sT=kT
Step 6: Output the results and calculation ends
Example 1 The three-phase voltage unbalance value (ue)
by the national standard is 2 %. The system short-circuit
capacity sd = 1,500 MVA. Thus the negative sequence
power allowable value se = 30 MVA from Eq. (4). The
load power s = 50 MVA, which is obtained from the
national standard specified value (95 % maximum proba-
bility value) based on the traction load process sLðtÞ. From
Eq. (6), the calculated capacity of the TT sT = 40 MVA.
The calculated capacity of the CPD sC = 10 MVA. If
kT = 2, then ST = 40/2 = 20 MVA. A single-phase TT
with installed capacity 20 MVA is suggested. With kC ¼ 1,
the installed capacity of the CPD SC = sC = 10 MVA.
Therefore, the capacity of the single-phase TT is 20 MVA,
and the capacity of the CPD is 10 MVA. From Eq. (7), the
maximum compensation ability for the negative sequence
is 20 MVA.
Example 2 If ue = 2 % (95 % maximum probability
value) and sd = 4,000 MVA, then the negative sequence
power allowable value se = 80 MVA (Eq. (4)). If s = 120





Fig. 5 Negative sequence vector diagram of combined co-phase
traction power supply system
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calculated capacity of the CPD sC = 20 MVA. If kT = 2,
then the TT’s installed capacity ST = 100/2 = 50 MVA. A
single-phase TT with an installed capacity of 50 MVA is
suggested. If kC = 1, then SC = sC = 20 MVA. Therefore,
the capacity of the single-phase TT is 50 MVA, and the
capacity of the CPD is 20 MVA. Based on Eq. (7), the
maximum compensation ability for the negative sequence
is 40 MVA.
HMT and TMT are in series with ADA converter. They
have the same load process. The overload abilities of HMT
and TMT are higher than that of ADA converter and thus
their installed capacities should be less than that of ADA
converter.
Example 3 A practical example is a pilot project of co-
phase power supply system installed at Meishan substation
[13], financed by a National Science and Technology
Support Program. As shown in Fig. 2, the original sub-
station has two power supply arms with the same capacity.
If the combined co-phase power supply scheme shown in
Fig. 4 is used, because sT = sC, then se = 0 can be derived
from Eq. (6). Thus, SC = sC = 25 MVA for Example 1,
and SC = sC = 60 MVA for Example 2; that is, a large
compensation device capacity is required. Thus, the cost is
high and the power supply capacity could be halved if the
compensation device fails or in maintenance states.
The combined co-phase power supply technology meets
the national standard requirement of allowable value of
negative sequence power. It provides the best match
between the CPD and the single-phase TT, which boosts
the cost-effectiveness greatly. When the CPD needs to be
repaired, the single-phase TT can work in the short-term
overload so that the system operation will not be affected.
In the single-phase and single-phase combined co-phase
power supply system, HMT can be installed together in one
tank with the single-phase TT so that the space is saved.
Such a system is suitable for new railway line construction.
The single-phase and three-phase combined co-phase
power supply system is more suitable for the existing
substation conversion where the TT has Vv or Vx con-
nection. In other words, by keeping the existing single-
phase TT while adding a HMT with YNd11 connection and
an ADA, a co-phase power supply system is realized.
Equation (6) or Fig. 5 has demonstrated that a CPD can
work in two basic modes:
Mode I If the load power is less than or equal to twice the
capacity of the CPD, and the TT and the CPD
provide half load power, respectively, then the
negative sequence current can be fully compen-
sated, and the three-phase voltage unbalance will
be zero. If the load power is greater than twice
the capacity of the CPD which operates at the
rated capacity, then the TT will supply the rest
capacity required. In this case, although the
negative sequence power will be produced, the
three-phase voltage unbalance value will still be
able to meet the requirements set by the national
standard.
Mode II The CPD usually works in warm standby status
and the output power is zero. Only when the
load power s is close to r allowable value se, the
CPD starts to work and consequently the
negative sequence power is compensated.
Again, the three-phase voltage unbalance value
will be able to meet the requirements set by the
national standard.
The two basic working modes of the CPD will bring
different load processes to themselves and the TT, and
result in different installed capacities as well. However,
both modes can achieve the controlling of negative
sequence and conform the national standard.
3 A new bilateral power supply
A bilateral power supply is not new and has been used
since the former Soviet Union [14]. In this power supply
system, breakers are used in section post to connect a
traction network TNk to its neighboring network TNkþ1.
Thus, two neighboring traction substations SSk and SSkþ1
provide bilateral power supply for TNk and TNkþ1. In a
new bilateral power supply system proposed, reactors Lk
and Lkþ1 are connected in series with traction feeders in
substations SSk and SSkþ1, respectively, where single-
phase TTk and TTkþ1 are being used, respectively. SSk and
SSkþ1 are connected to the power system transmission line
ABC at the points of common coupling, PCCk and PCCkþ1,
respectively, as shown in Fig. 6.
An electrical connection mode between a power system
and a traction substation is called external power supply















Fig. 6 Connection diagram of a bilateral power supply system
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and its relative position to the traction substation. In gen-
eral, there are many connection types such as ring single-
loop, ring double-loop, single source double-loop, radial
connection, and so on. Figure 6 is a simplified schematic
diagram of the ring single-loop, the ring double-loop, and
the single source double-loop. This is a typical mode which
is often called single-loop T connection.
3.1 The equivalent circuit
From Fig. 6, the equivalent circuit of a three-phase power
system including the bilateral side can be obtained as
shown in Fig. 7 where Zd is the power system impedance





Tkþ1 are the single-phase TT impedances, Z
0
q is the





reactance of the series reactors (they all are converted to
the power system); LC represents the electrical locomotive.
3.2 The equalizing current
Figure 8 is a diagram of the equalizing current. Taking
phase B (or C) in Fig. 7 as an example, Zd and Zq are the
converted impedances of the power system transmission
line and the traction power supply system (including the
inlet wire), respectively; I is the transport current, Id is the
power system transmission line current, and Iq is the
traction power supply system current, so the equalizing
current Iq appears when the traction power supply system is
in parallel with power system transmission line.
In Fig. 8, there is
IqZq ¼ ZdId: ð8Þ
Assume that g is the ratio of traction power supply
system impedance and power system transmission line





Then, the amount of equalizing current can be
represented by the ratio of equalizing current to power
transmission line current and it is called the relative value
of equalizing current. Based on Eqs. (8) and (9), the






 ¼ 1g : ð10Þ
In other words, the relative value of equalizing current is
the reciprocal of impedance ratio g, and is inversely
proportional to the impedance of the traction power supply
system and is proportional to the impedance of the power
system transmission line. If ZJk = ZJkþ1 = ZJ is the inlet
wire impedance, ZTk = ZTkþ1 = ZT is the TT leakage
reactance, and ZLk = ZLkþ1 = ZL is reactance of the series
reactor, on the traction side, then







where kT is the TT voltage ratio (ratio of power system line
voltage to traction bus rated voltage).
Assume that the length of transmission lines in 220 kV
power system between PCCk and PCCkþ1 is 50 km and the
length of transmission line between PCCk (PCCkþ1) to
traction substation SSk (SSkþ1) is 10 km. The twin-bundled
conductors are used as transmission line in 220 kV power
system, and the unit-length impedance
Z0 = 0.05 ? j0.33 X/km. The TTs TTk and TTkþ1 are
single-phase transformer with 31.5 MVA rated capacity
(the rated current on traction side is 1,145 A), the short-
circuit impedances (leakage reactance) are 10.5 %, and the
transformation leakage reactance converted to traction side
ZT = 0.2134 ? j2.52 X. The distance between adjacent
traction substations is 50 km. The no-load voltage of direct
traction power supply network is 27.5 kV. For a single-
track railway, a single-chain suspension traction network
impedance z = 0.2325 ? j0.515 X/km. Assume that the
series reactors’ reactance Lk and Lkþ1 are k times the TT
leak reactance, that is, XL ¼ kXT, k 0.
The partial relationships between k and g are shown in
Table 1.
It can be seen from Table 1 that if there is no series
reactor (k = 0) in a direct, bilateral supply network where
the voltage of power system is 220 kV and if the twin-
bundled conductors are used, the impedance ratio g ¼ 64;
that is, the relative value of the equalizing current is 1/64.






















Fig. 8 Current balance diagram
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traction network to the transmission power of the trans-
mission lines is 1:64. It can be concluded that if there is no
series reactor, there will be large equalizing current in the
mode of bilateral supply and the penetrating power as well,
resulting in a waste of traction power supply equipment
capacity and causing power energy metering problem. In
the former Soviet Union, increasing traction network
voltage level through series capacitor compensation (SCC)
in their traction feeder caused even higher equalizing
current (or penetrating power) [15].
Furthermore, if the series reactor is present (k [ 0), and
the equalizing current must be less than 1 %, that is,
g C 100 and k C 3.92, then the series reactor reactance
should be at least 3.92 times the TT leakage reactance, and
its capacity is about 13 MVA. If the TT has a high leakage
reactance, the short-circuit impedance ratio is 51.66 %.
Therefore, the series reactor can effectively reduce equal-
izing current in the mode of bilateral supply.
It can also be concluded from Eq. (11) that the higher
the power system voltage is (i.e., the larger kT is), the
smaller the equalizing current in the mode of bilateral
supply will be.
3.3 Voltage loss
A voltage loss DU is introduced by a load current I with a
power factor cos u, passing through the impedance Z ¼
R þ jX: It is the arithmetic difference of voltages between
two terminals of the impedance Z, and can be described as
follows:
DU ¼ U1 þ IðR cos u þ X sin uÞ

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
U21  ½IðR sin u  X cos uÞ2
q
; ð12Þ
where U1 is the traction bus voltage and takes 27.5 kV; R is
the TT resistance; X ¼ XT þ XL ¼ ð1 þ kÞXT, in which XT
is the TT leakage reactance and XL is the reactance of
series reactor.
Taking a high-speed railway line as an example, where
the TT is single-phase transformer, its short-circuit
impedance ratio (leakage reactance) is 10.5 %, and the
rated capacity is 31.5 MVA. The power factor of an AC–
DC–AC locomotive cosu0 ¼ 0:993 (lag, i.e., u0 ¼ 6:78
and sin u0 ¼ 0:118). Based on Eq. (12), the voltage losses
can be calculated with different values of the series reactor,
as shown in Table 2. The vector diagram of voltage loss is
shown in Fig. 9.
From Tables 1 and 2, it can be seen that the impedance
ratio g is equal to 100 when k = 3.92, and thus the
equalizing current meets the requirement of being less than
1 %. However, the voltage loss of traction bus is increased
from 730 to 5,790 V. In order to have a proper voltage
level, it is required to change the traction load power factor
or adjust the train AC–DC–AC main circuit or use the
adjustable shunt reactive power generating device (such as
SVG), or use a combination of the above approaches.
Based on the previous example in which the twin-bun-
dled conductors are used in 220 kV power transmission
lines and the voltage of direct, bilateral traction power
supply network is 27.5 kV, two design goals are discussed
as follows, where the equalizing current B1 % is required
and the impedance ratio g ¼ 100.
Design goal I: Assume that the power factor of the load
current of high-speed railway cosu0 ¼ 0:993 lagð Þ, and
the permissible voltage loss at substation at the rated
condition DU0 ¼ 730V.
Design goal II: Based on the power factor of the load
current of low-speed railway, cosu0 ¼ 0:8 lagð Þ, the
permissible voltage loss at substation at the rated





where g is given by Eq. (11) and DU is given by Eq. (12).
Table 3 shows the design goals and the corresponding
results.
Table 1 Relationships between k and g
k 0 1 2 3 3.92
g 64 73 82 91 100
Table 2 Voltage loss
k 0 1 2 3 3.92









Fig. 9 Voltage drop diagram
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It can be seen from Table 3 that if the impedance of the
series reactor is 3.92 times the leakage reactance of the TT,
the equalizing current ratio will be less than 1 %. If the
load power factor is changed from 0.993 (lag) to 0.973
(lead), then the voltage loss under the rated condition at
traction substation will be less than 730 V which corre-
sponds to the power factor 0.993 (lag). In this case, the
capacitive reactive power will account for 23 % in load,
which is difficult to be achieved. Similarly, if the power
factor of the load is changed from 0.993 (lag) to 0.989
(lead), the voltage loss under the rated condition will be
less than 2,012 V which corresponds to the power factor
0.8 (lag) at low-speed railway, and the capacitive reactive
power will account for 14.8 % in load. This is easier to be
realized.
Furthermore, space can be saved if the series reactor is
merged into the TT, resulting in a more compact structure
and a high-leakage-reactance transformer in which the
value of leakage reactance (Xk) equals the value of the
leakage reactance of the original TT (XTk) plus the leakage
reactance of reactor (XLk). The short-circuit impedance of
this high-leakage-reactance transformer is 51.66 % in the
above example.
Compared with the unilateral power supply, the bilateral
power supply has advantages of higher voltage level, larger
supply capacity, and lower power loss. The disadvantage is
the presence of equalizing current. The purpose of devel-
oping a new bilateral power supply is to eliminate phase
split at section post and to reduce the equalizing current. It
has been shown that by using a reactor in series with the
traction feeder and by changing the load power factor, the
equalizing current can be effectively suppressed. The
voltage loss due to the series reactor can also be reduced or
even be eliminated. A proper voltage level and the power
supply ability are thus able to be maintained.
With a reactor in series with the feeder of a traction
substation, the traction loads in a traction network can be
redistributed based on the impedance proportion in each of
substations. By doing so, the traction substation capacities
along the line can be optimized according to the distribu-
tion of the power system capacity, and the TT load rate can
be improved. At the same time, the short-circuit current
will be decreased and its impacts on the TT, breaker, and
other devices will be reduced. Thus, selection of circuit
breaker, and cut-off of faults will be easier, and the oper-
ational reliability will be higher.
Bilateral short-circuit fault can be decomposed into
unilateral power supply failure. It can also be tackled by
approaches discussed in Sect. 3 below.
A bilateral power supply system for electrified railway is
similar to a closed-loop power distribution system.
Therefore, further study should be done by taking both
electrified railway and power system into considerations
[16, 17].
4 Segmental power supply and measurement control
The segmental power supply is an effective approach in
detecting, isolating, and removing fault in time so that a
fault can be limited to a minimum level and its impact to a
minimum degree, so that the system controllability and
maintainability can be improved. The segmental supply
modes in bilateral power supply system can be categorized
as follows:
(1) At the section post, the bilateral longitudinal traction
network is divided into two segments; and each
segment is equal to the original power supply arm,
that is, the natural segments.
(2) In a double-track railway, the up and down line will
naturally be segmented. For example, for a unilateral
supply, the traction network is divided into two
segments in the transverse direction; in a bilateral
power supply mode, the traction network between
two adjacent substations is divided into four
segments.
(3) Auto-transformer (AT) section is regarded as a
segment in AT power supply system.
Segmental power supply in a power supply system can
be further categorized, based on the real situation. For
example, take the interval (10 km or so) as a unit in a
section for longitudinal traction network segments. More-
over, a catenary anchor segment can be described as the
smallest segment, and a power arm in unilateral power
supply network can be described as one of the largest
segments.
Two segment posts are deployed at both ends of a
segment. Within each post, there are voltage transformers
where Ui and Uo are measured voltages. Sectionalizers
Si Soð Þ are connected in parallel with breakers Ki (Ko) and in
series with current transformers (where Ii and Io are mea-
sured currents), to ensure the measurability and controlla-
bility. The segmental power supply diagram is shown in
Fig. 10.
Table 3 Design goals and results
Indicator DU0 ¼ 730 V DU0 ¼ 2;012 V
g 100 100
k 3.92 3.92
uc -13.29 (lead) -8.53 (lead)
cos uc 0.973 (lead) 0.989 (lead)
sin uc -0.230 (lead) -0.148 (lead)
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4.1 Electrified train locating and operation status
monitoring
In Fig. 10, it is assumed that the input current Ii and output
current Io of each segment are positive, and the voltages Ui
and Uo are all in the normal range.
If Ii  Io ¼ 0, there is no electrified train in the segment.
If Ii  Io [ 0, there is a moving train in traction in the
segment.
If Ii  Io\0, there is a moving train in regenerative
breaking in the segment.
4.2 Symbol definition of failure power flow
and traction network fault identification
If terminal voltages Ui or Uo of each segment are below their
normal values, it is identified as a fault condition. In Fig. 10,
we assume that the symbol value for no-load power flow is
denoted by 0, that for failure power flow into the segment is
denoted by 1, and that for failure power flow out from the
segment is denoted by -1. Then, the sum of symbol values of
each terminal of a segment can be calculated.
If p ¼ 0, there is no fault in the segment.
If p ¼ 1, there is a ground fault at the terminal of the
segment with a symbol value of 1, and there is an open
circuit fault at the terminal of the segment with the
symbol value of 0.
If p ¼ 2, there are ground faults at both terminals of the
segment.
Composite faults can be identified in a similar way. This
approach can also be used in the AT power supply mode.
Besides, segmental power supply can provide benefits for
AT traction network impedance linearization, impedance
measurement, and fault diagnosis. This topic will not be
discussed in this paper.
5 The system, its economy and reliability
Except that the bilateral power supply was used in former
Soviet Union, unilateral power supply is widely used in the
electrified railways with industrial frequency single-phase
AC power supply system around the world. In China,
almost all the high-speed railway traction substations adopt
Vv- or Vx-connected TT. The connection diagram of
traction power supply system and power system is shown
in Fig. 11. Adopting unilateral supply mode and connec-
tion to power grid in a way of phase rotation, phase splits
are set up at the exit of a traction substation and at a section
post. Therefore, there are two-phase splits in the power
supply range for each of substations.
There are two kinds of situations to be considered to
avoid phase split. One consideration should be given by
adopting single-phase TT at substation, together with a co-
phase power supply device, which can ultimately eliminate
phase split at substations. The primary goal is to com-
pensate the negative sequence current and thus conforms to
the national standard. Another should be given by adopting
the bilateral supply mode at section post so as to avoid
phase split. As the power system operates in closed loop
with the highest voltage level and other open-loop net-
works, the key is to reduce the equalizing current due to the
traction system in parallel with the power system to an
allowable level. Such a new traction power supply system
allows the industrial frequency single-phase AC power
supply system of an electrified railway to achieve no phase
split. As shown in Fig. 12, SS represents a traction sub-
station where a single-phase TT and a CPD work together;
or only a single-phase transformer is used when compen-
sation is not needed. SP represents a section post which
connects both sides of the traction network.
As discussed in Sect. 1.3, a CPD can work at either
mode 1 or mode 2. However, it will always provide power
which is proportional to the total (active) power of a
traction substation or its rated power, in a certain range.
The distribution of the traction load sLðtÞ to each of the
traction substations, denoted by sssðtÞ, will not be affected
as well. In other words, when an electrified railway adopts
the industrial frequency single-phase AC traction power
system with co-phase power supply, the distribution of









Fig. 10 Segmental power supply diagram
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Fig. 11 Traditional traction power supply system
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only on the equivalent network model of the power system
and the traction power supply system [5].
The use of the proposed new generation traction power
supply system is especially beneficial for achieving the best
capacity and optimal design of numbers and locations of
traction substations [18]. If an adjustable reactive power
compensation device such as SVG is installed at the section
post, then the functions of anti-icing and anti-melting can
be achieved [19]. Furthermore, by adding a CPD, series
reactor and other segmental supply and monitoring equip-
ment where the CPD plays a central role by adopting the
combined co-phase power supply scheme, the required
capacity and the one-time investment can be reduced to
their minimum. Even the life-cycle cost will approach the
cost of auto-passing phase-split device on the ground.
Other benefits include
(1) Phase-split elimination will be able to allow train
speed increase and improve the line passing capacity
significantly [20].
(2) Improving the load factor and capacity utilization to a
great extent. Pilot test and analysis have shown that
the installed capacity of the TT can be reduced 1 to 2
capacity levels and thus the power resources and
operating cost are saved.
(3) Saving energy significantly. While system power loss
is reduced, it is easier for renewable energy that one
train locomotive generates to be used by the other
trains or to be put back to the connected power
system.
Looking at the traction power supply mode in Germany,
the power supply frequency is different from industrial
frequency (50/60 Hz) of power systems. Therefore, the
electrified railway in Germany either uses its own power
source or takes the power system source through ADA
conversion, and thus the power supply network is complex
and the cost is high, so that it is difficult to be used widely.
In the latter case, the power at the traction substation is
supplied by the power system which comprises a three-
phase TT and a three-phase single-phase ADA. Similar to
the CPD as described previously, this system has a small
overload capacity. To meet the needs of a peak load, its
capacity would have to be greatly increased. In Example 1
at Sect. 1.3, the co-phase compensation capacity for the
combined co-phase power supply system requires 10
MVA, while the ADA capacity for the German system
needs 50 MVA. In Example 2 at Sect. 1.3, the former
needs 20 MVA and the latter is 120 MVA. The high cost of
the ADA and the large capacity requirement would surely
lead to a higher system investment.
Therefore, the co-phase power supply without phase splits
can be achieved for an electrified railway line with a minimal
investment by integrating the combined co-phase power
supply technology at traction substation, the new bilateral
power supply, segmental power supply, and synchronous
measurement and control technology on the traction network.
In other words, only a fraction of cost of the German system is
needed to achieve the co-phase power supply.
At the same time, this new generation traction power supply
system provides the enhanced reliability as listed below:
(1) The combined co-phase power supply system is the
single-phase TT based, supplemented with the CPD.
Thus, when the compensation device is in mainte-
nance status, the system can continue to work
properly with the help of the short-term overload
ability of the TT.
(2) The arrangement of standby CPDs is flexible so as to
make the system more reliable. Figure 13 shows an
example of a single-phase and single-phase combined
co-phase power supply system in Fig. 4, where the
TT adopts traditional 100 % standby mode and the
CPDs adopt ‘m/n’ system. This means that at least
500 kV 500 kV 500 kV 500 kV
220 kV 220 kV 220 kV
220 kV
110 kV 110 kV
Power system network
SS1 SS2 SS3 SS4
SP1 SP2 SP3
Fig. 12 New generation traction power supply system
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TMT1 TMT2 TMT3 TMT4
Fig. 13 Co-phase compensation devices using 3/4 system or 2/4
system
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m units among n units are working properly. In this
example, the compensation device is using ‘3/4’
system or ‘2/4’ system (Fig. 13).
(3) The bilateral supply system is equivalent to the dual
power source system and thus its reliability is higher
than that of the unilateral supply system.
(4) Segmental power supply and measurement control
technology can improve controllability and maintain-
ability of a power supply system, as discussed in
Sect. 3.
(5) Avoiding faults because of auto-passing phase split of
a train, which do exist in the current system.
6 Conclusion
In this paper, a new generation traction power supply system,
that is, a co-phase traction power supply system without
phase split for industrial frequency single-phase AC elec-
trified railways, is presented. The techniques
of combined co-phase supply, bilateral power supply, seg-
mental power supply, and measurement control are dis-
cussed. The main conclusions can be drawn as follows:
(1) A combined co-phase power supply system, which
can work with a single-phase and three-phase com-
bined module, or a single-phase and single-phase
combined module, is able to eliminate phase split at
the exit of a substation. At the same time, the negative
sequence current is compensated to meet the national
standard requirement of the negative sequence reac-
tive power allowable value. The optimal capacity
matching between the CPD and the single-phase TT
is also achievable.
(2) The new bilateral power supply technology can be
used to eliminate the phase split at section posts. By
connecting a reactor in series with the traction feeder,
the equalizing current and its impact to the power grid
can be reduced. Lastly, the power factor can be
adjusted to ensure a proper voltage level of traction
network.
(3) The segmental power supply essentially divides the
power supply arm into segments, and thus faults can
be detected quickly and accurately using the syn-
chronous measurement and control technique. As a
result, the fault impact is limited to a lesser extent.
(4) The new generation of traction power supply system
is more reliable and economic.
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